Abstract. The question of which water enters the Indonesian passages is a subject of outstanding debate. This article represents another attempt to address this issue using a new nonlinear model. The new model illustrates that the origin and composition of the Indonesian throughflow are determined by the structure of the opposing and retroflecting currents situated to the east of the passages. The nonlinear "layer-and-a-half model" is composed of an eastern and western basin (corresponding to the Pacific and Indian Oceans) connected via a channel representing the Indonesian passages. The channel cuts through a separating wall which runs from the northwest to the southeast; the retroflecting currents are taken to be zonal. Nonlinear solutions are constructed analytically by balancing the flow force associated with the boundary currents flowing along the wall in the western Pacific. It is found that, without retroflection (that is, the entire flow along the western wall in the Pacific enters the passage), the throughflow must originate in both hemispheres, with 70% of the transport coming from the north and the remainder coming from the south. It is impossible for the flow to originate only from one side of the channel's entrance because, under such conditions, the momentum imparted by this flow on the fluid near the entrance to the channel cannot be balanced. When retroflection is present (that is, only a fraction of the western boundary current system in the Pacific enters the channel) and the coastline is tilted, the above division of transports is dramatically altered. For some range of parameters the balance requires that fluid exit the channel rather than enter it. This is not the case, however, for the Indonesian throughflow, where about 1 Sv must enter from the south and 11 Sv (_+5 Sv) must enter from the north. Since opposing retroflecting currents flowing next to a solid wall containing no channels or gaps can be stationary only if their transports satisfy a given ratio, it is suggested that the fact that the retroflection is situated immediately to the east of the Indonesian passages is not accidental. Namely, it is argued that the western boundary current system in the Pacific is stationary because it is situated next to the Indonesian passages. In this particular position the portions of the transports which do not allow satisfaction of the stationarity condition leak out into the Indian Ocean.
Introduction
The Indonesian throughflow is unique because it corresponds to a "bottleneck" which connects two major oceans (Figure 1 ). It has been suggested that the throughflow is the major route for return flow of thermocline water from the Pacific to the Atlantic [Gordon and Piola, 1983; Gordon, 1985 Gordon, , 1986 Broecker, 1991 Equatorial Current to retrofiect (north of 2øN) and enter the throughflow after flowing eastward and joining the westward flowing North Equatorial Current. An alternative scenario would be that at least some of the water that ends up in the throughflow would first flow northward as a deep western boundary current or as a deep boundary current that crosses the equator along one of the deep channels in the central Pacific. Ultimately, the water associated with such a current would reach the North Pacific, where it would then upwell and return southward via the Mindanao Current. Under such conditions the northward flow of 16 Sv occurs via a boundary current and not via the interior so that it is not subject to the Sverdrup constraint.
The Earlier Models and Their Weaknesses
Consistent with the above scenario, Nor [1995 a, b] proposed that the origin, magnitude, and composition of the throughflow are all controlled by the boundary currents in the immediate vicinity of the entrance to the passages. The model includes two western boundary currents encountering two gaps. As a result of the encounter, a fraction of the two currents enters the passages and forms two boundary currents on the other side. On the basis of integrated momentum computations and the characteristics of the initial boundary currents in the Pacific, Nof[1995b] argued that 6 Sv (+5 Sv) must come from the North Pacific and I Sv from the South Pacific. This is one of those unique cases where the difference between linear and nonlinear theory is enormous. While linear Sverdmp dynamics suggests a predominantly southern source for the throughflow, nonlinear theory (which does not require the boundary current transport to be equal and opposite to the interior transport) suggests a northern origin. Unfortunately, however, Nof's model left several important issues unresolved. One such issue is that Nof's f-plane computations require the existence of boundary currents to the west of the gaps. On a/3 plane, such currents would drift westward, and consequently, the computed balances would not hold. One of the aims of the present article is to address this issue.
Present Approach
To resolve the above difficulty and put the boundary currents idea on a firmer ground, we shall consider here a model that does not require the existence bf eastern boundary currents in the (modeled) Indian Ocean. To do so, we shall approximate the Indonesian Seas with a straight channel connecting the Pacific and Indian Oceans (Figure 2) . Obviously, this geometrical simplification is quite severe but is, nevertheless, necessary if we are to thoroughly understand the processes in question. Such a geographical representation is in line with other investigations of the Indonesian throughflow [e.g., Wasjowicz, 1993a, b; Nof, 1995b] . Furthermore, we shall assume that the flow becomes parallel to the channel walls immediately after entering the channel (Figure 3) . Justification for this assumption is given in section 2. Using conservation of integrated momentum along the coast, the relationship between the approaching currents, the retroflected currents, and the flow entering the channel will be computed.
The formulation leading to the above balance is described in section 2. 
Formulation
. Consider again the model shown in Figure 3 . It contains an active upper layer with a density p and an inactive lower layer with a density p + Ap. A channel, whose width is 2a, drains some of the oceanic water as shown. The drained water originates from a boundary current system which contains a retrofiection leading to an eastward jet. Even though •3 is the agent responsible for the generation of the western boundary currents in the first place, it is neglected in the equations governing the vicinity of the channel. This approximation is justified because the meridional scale of our mesoscale process (-•- •o is the distance from the equator to the entrance of the channel) is roughly 0.4, which is smaller than unity. In other words, the distance from the entrance of our modeled channel to the equator (300-400 km) is greater (though not much greater) than the average Rossby radius for the problem (---200 kin, corresponding to a depth of 200 m, #' of 2 x 10 -2 m s -2, and a Coriolis parameter of 10 -5 s -l) implying that/3 is not dominant.
The presence of/3 does enter the problem, however, through the orientation of the retroflected currents and through the employment of a channel model over a gap model. Namely, even though/3 does not enter the governing equations, it enters the model through the choice of the model's geometry. This is reflected in the following aspects. First, the orientation of the retroflected current is taken to be zonal because, otherwise, the current would drift along the coast due to/3 [Nof, 1993] . This choice is in agreement with the observations (see Figures  4 and 5) . Second, to avoid eastern boundary currents in the modeled western basin which contribute to the momentum balance [Nof, 1995b ] and yet cannot be maintained on a /3 plane, we adopt a channel model. It should be added in this context that the above aspects of /3 are important because they result from processes that, although relatively small, accumulate over a long time. Such processes eventually become larger and cannot be neglected. Other aspects of/3 are small at all times and therefore are not taken into account.
It is also assumed here that the streamlines become parallel to the channel walls immediately after entering the channel.
Under such conditions the flow within the channel does not contribute to the longshore momentum balance. In reality, it is expected that, within the channel, the streamlines would be curved up to a distance of O(a) away from the entrance, but the assumption is, nevertheless, reasonable and has been successfully used before in channel models [see, e.g., Nof, 1978a, 
Governing Equations and Boundary Conditions
All the regions several deformation radii away from the entrance to the channel are governed by the one-dimensional potential vorticity equations and geostrophy. Regions I and 2 obey --Oui/Oy q-f= hi.f/Hi (1) 
where the hat denotes association with the tilted coordinates system 2, p; the coordinates of this tilted system are oriented toward the east and north, respectively. The depths H• and H 2 correspond to the undisturbed regions away from the wall, and the subscripts "n" and "s" indicate association with the "northern" and "southern" branches, respectively (see Figure  4) . 
A Basin Without Retroflecting Carrents
We shall first examine the simplest possible model for the throughflow. Consider a channel emptying an ocean that is stagnant away from the shore as shown in Figure 5 . The general solution of (1) and (2) satisfying the boundary condition (7) Note that (18) cannot be reduced to the nonrotating case (upon substitution off = 0) because the steps leading to it are invalid for f = 0. We shall see in the next sections that, together with the boundary conditions, the above constraints are sufficient to close the problem.
If we take the current in region 2 (analogous to the part of the South Equatorial Current that enters the channel) to be known, then the current which must approach the channel from the other side to balance its flow force can be computed. The ratio between the two transports depends, of course, on the strength of the current originating on the right (i.e., region 2, which is specified). The relationship between these two currents is shown in Figure 6 , which illustrates that the transport from the left (region 1) must always be greater than the transport from the right (region 2). For instance, when the transport of the current originating from the right is O.lg'H2/f, then the transport from the left is more than twice as much. This asymmetry results from the nonlinearity associated with the currents' amplitude. Quasi-geostrophic flows (i.e., small amplitude) would be symmetrical.
The General Problem
The solution to the general problem is considerably more complicated than the no-retroflection case, even though it follows the same principles. We begin by noting that the matching of velocity and depth along•9 = 0 in region 3 immediately gives us the entire solution for this area. Namely, the general solution for region 3 is 
The Indonesian Throughflow
As mentioned in the Introduction, we will focus on the vicinity of the entrance to the Indonesian seas and use the geometry shown in Figure 2 as an approximation of the actual geography.
The Offshore Depths
Before one can assess the applicability of the model to the throughflow, it is necessary to determine the offshore undis- port entering the channel from the north is roughly 5 Sv, which is more than twice the specified southern current transport (2 Sv). This simple application demonstrates that there can never be a situation where fluid originates only from one side (e.g., the South Equatorial Current as discussed by Godfrey et al.
[1993]). As mentioned before, in an analogy to a rocket, such a single current imposes a flow force in one direction and must be balanced by some sort of flow on the other side. The above application has two weaknesses, however. The first is that since there is no retroflection, the southern transport entering the channel must be arbitrarily specified. The second is that the ratio between the northern and southern transport is smaller than that suggested by the observations. Both of these weaknesses are resolved with the use of the more complicated applications discussed below.
Retroflection but No-Tilt Application
Here we shall use the depths H l and H 2 (computed earlier) and specify A 2/fRd2 to be 0. [e.g., Gordon, 1995] . This will be resolved in the next application.
Retrofiection and Coastline Tilt
Here we again take Hi and H 2 to be 167 and 253 m (respectively) and specify,4 2/fRa2 to be 0.2 so that the transport approaching the channel from the south T 2 is again 26 Sv. However, in contrast to the previous example, we now add a tilt to the coastline; that is, we take 3/to be 45 ø rather than 90 ø . The transport entering the channel from the south remains the same as before (1 Sv) because (27) is independent of the tilt. However, the total transport from the north T• is now 27 Sv (see Figure 12, [1987] . This third application is the best of the three that we have considered. As in the second application, the transport entering the channel from the south is not arbitrarily specified but, rather, is obtained by fitting the total known transport of the SEC to our transport in region 2. Also, the ratio between the two transports entering the channel (1 Sv from the south and 11 Sv from the north) is in better agreement with the observations. The improvement is due to the fact that when the coastline is tilted, the retroflected current imposes a larger momentum flux (or flow force) along the coast, implying that more water has to come from the north to balance it. 
Because of the simplifications involved in our model

Summary
This article describes a simple, analytical model of the dynamics of the Indonesian throughflow in the context of a nonlinear, frictionless set of equations. It has been shown in the past that for many physical situations a linear, frictional approximation to a given problem can be solved analytically and that a nonlinear, frictionless approximation can also sometimes be solved. The two extremes often provide useful insight into the flow behavior of the full problem, which is both nonlinear and frictional and can seldom be solved. Godfrey et al. [1993] •o distance from the equator to the entrance of the channel (see Figure 3) . :, i qb boundary of integration area S sh'own in 
